Introduction
============

Aujeszky\'s disease (AD), also known as pseudorabies, is caused by Aujeszky\'s disease virus (ADV), an alpha-herpesvirus of the family *Herpesviridae* with a positive double-stranded DNA genome about 145 kb in length \[[@B1]\]. ADV can infect several types of animal, including cattle, sheep, goats, raccoons, opossums, rats, and mice, causing fatal disease. ADV causes economically significant illness in domestic pigs and can become latent in the trigeminal ganglia of naturally infected pigs, both domestic and wild. The symptoms of AD depend on the pig\'s age; piglets under 2 weeks of age die from central nervous system problems, including lack of coordination, tremors, paddling, and convulsions. Fattening pigs infected with ADV principally develop respiratory illnesses, and naturally infected sows in their second or third trimester manifest reproductive failures, including abortion, stillbirth, and weak piglets \[[@B2]\].

If a country is recognized as AD-free, the swine industry will continuously thrive, and pork producers can sell their products on international markets. Thus, many countries (including Korea) have instigated national AD eradication programs that involve the use of gE-deleted vaccines, the culling of pigs positive for the anti-ADV-gE antibody, and the restriction of the movement of pigs from infected farms, rendering domestic pigs AD-free in many parts of the world \[[@B3][@B4][@B5]\]. AD has caused economic losses to the Korean swine industry since ADV infection in pigs was first reported in 1987. In 2000, the Korean government decided to launch an AD eradication program using a non-virulent vaccine. This intensive program has dramatically decreased the incidence of disease in domestic pigs \[[@B6]\]. However, ADV infections have been reported in wild boars (*Sus scrofa*) worldwide, including Korea \[[@B4][@B6][@B7][@B8]\].

To maintain its AD-free status, a country must comply with several requirements, including periodic serological surveys, a ban on further AD vaccination, and the instigation of measures preventing the transmission of ADV from wild boars to domestic pigs. All Korean domestic pigs on all farms undergo annual ADV sero-surveillance, and the inactivated vaccine has not been given to domestic pigs since 2010. ADV infections in wild boar populations have been serologically documented in the United States and many European countries \[[@B9]\]. Between 2% and 5% of Korean wild boars are infected \[[@B6]\]. Therefore, it is necessary to take measures to prevent the transmission of ADV from wild to domestic pigs. Oral vaccination is a valuable strategy for controlling infectious diseases in wildlife. Oral rabies vaccination has helped prevent the spread of disease in wild animals in European countries and the United States \[[@B10]\]. Oral vaccination of wild boars with the classical swine fever virus has been used successfully in European countries to target populations for which parenteral vaccines are not practicable \[[@B11]\].

Oral ADV vaccination of domestic pigs with the YS-400 strain has not yet been reported. In the present study, the safety and immunogenicity of a gE-deleted ADV vaccine, strain YS-400, were evaluated in young domestic pigs.

Materials and Methods
=====================

Cells and viruses
-----------------

Vero cells (an African green monkey kidney cell line, ATCC CCL81) were maintained in α-minimum essential medium (MEM; Gibco BRL, Grand Island, NY, USA) containing 5% (v/v) fetal bovine serum (Gibco BRL), penicillin (100 IU/mL), streptomycin (100 µg/mL), and amphotericin B (0.25 µg/mL) at 37℃ under 5% (v/v) CO~2~. A gE-deleted ADV (YS-400 strain) in which parts of the gE and TK genes were deleted and the interleukin-2 (IL2) and β-galactosidase genes inserted was constructed in 2005 via homologous recombination ([Fig. 1](#F1){ref-type="fig"}). The ADV used in the virus neutralization (VN) test was the Yangsan strain isolated from a pig in July 1987. The virus was propagated in Vero cells cultivated in α-MEM. Uninfected cultures served as negative controls.

Preparation of the AD bait vaccine
----------------------------------

To propagate the gE-deleted ADV (the YS-400 strain), Vero cells grown in α-MEM were washed three times with phosphate buffered saline and inoculated with virus. After viral adsorption, α-MEM was added and the cells incubated until the cytopathic effect (CPE) attained 90%. The cells were harvested, frozen, and thawed three times and centrifuged (3,000 ×g, 30 minutes) to remove cellular debris. The vaccine was titrated in 96-well microplates (10-fold dilutions). The viral titer determined by the CPE was calculated using the method of Reed and Muench. The ADV bait vaccine consists of a blister containing the vaccine strain and a matrix that includes an attractant.

Experimental design
-------------------

### Experiment 1

Young pigs (11 weeks of age) seronegative for ADV were housed in a compartment. Six underwent oral vaccination with 2 mL (10^7.5^ TCID~50~/mL) of the YS-400 strain using a syringe without a needle. Vaccination was repeated 2 weeks later. Blood was taken at 0, 2, 4, and 6 weeks post-inoculation (WPI). Two pigs served as controls (no treatment). All pigs underwent physical examination for 6 WPI.

### Experiment 2

Young pigs (11 weeks of age) seronegative for ADV were divided into three groups, and two groups were given the AD bait vaccine mentioned above. The ADV titer within a blister of the AD bait vaccine was 10^7.5^ TCID~50~/mL. Groups 1 and 2 each included five pigs given the vaccine twice or three times, respectively. The control group contained four untreated pigs. After consuming the baits, all pigs were behaviorally monitored. Any adverse effect, including anorexia, prostration, anxiety, agitation, aggression, or paralysis, was noted daily. Blood was collected from all pigs (including the controls) 0, 1, 2, 4, 5, 7, and 9 weeks after vaccination.

Serological assays (VN and enzyme linked immunosorbent assay tests)
-------------------------------------------------------------------

The VN test was performed in 96-well microplates using Vero cells. Each serum sample (including the negative controls) was evaluated in duplicate, and serial twofold dilutions. ADV (Yangsan strain; ca. 100 TCID~50~/50 µL) was added to each well. After 60 minutes of incubation at 37℃, 0.1 mL of a Vero cell suspension (4×10^5^ cells/mL) was added to each well. The microplates were incubated for 72 hours in a humidified incubator under 5% (v/v) CO~2~ at 37℃, and virus-induced CPE was microscopically evaluated. Each titer was the reciprocal of the highest serum dilution that completely inhibited the CPE. Each serum was diluted from 1:1 to 1:128. A VN titer ≥1:1 was considered positive.

Commercially available enzyme linked immunosorbent assay (ELISA) kits (IDEXX Lab, Westbrook, ME, USA) were used to detect ADV-specific anti-gE and -gB antibodies following the manufacturer\'s instructions. The two blocking ELISA kits for the detection of antibodies against gE or gB of ADV were developed using monoclonal antibodies directed to gE or gB. So, the absorbance of the ELISA kit is inversely proportional to the amount of bound antibody. Detection of ADV-specific anti-gE-antibody in wild pigs is indicative of ADV infection; the anti-gB antibody is associated with viral neutralization. The positive of ADV gB and the negative of gE antibodies in domestic pigs indicates a response to a gE-deleted vaccine.

Results
=======

Safety and immunogenicity of the ADV YS-400 strain given orally to pigs
-----------------------------------------------------------------------

All pigs were seronegative for ADV prior to vaccine administration, but they seroconverted 14 days after vaccination via the oral route ([Fig. 2](#F2){ref-type="fig"}). No vaccinated or unvaccinated pig exhibited clinical signs of AD. All pigs in experiment 1 that received the YS-400 strain orally developed high VN titers ranging from 1:8 to 1:128 (geometric mean, 1:32) by 2 weeks after vaccination and a geometric mean VN titer of 1:64 (range, 1:32 to 1:128) by 6 weeks. The two control pigs remained seronegative throughout the experiment.

Immunogenicity of the ADV YS-400 strain in pigs given the AD bait vaccine
-------------------------------------------------------------------------

All pigs in group 1 in experiment 2 given the AD bait vaccine twice attained ADV geometric mean VN titers of 1:0.5 ranging from negative to 1:2 by 4 weeks after the first dose and of 1:2.9 ranging from 1:1 to 1:32 by 7 weeks after the first dose ([Fig. 3A, B](#F3){ref-type="fig"}). All pigs in group 1 seroconverted by 7 weeks after the first vaccination. Pigs in group 2 given the AD vaccine three times attained ADV geometric mean VN titers of 1:1.1 ranging from negative to 1:4 by 3 weeks after the first dose and of 1:4 ranging from 1:8 to 1:64 by 7 weeks after the first dose. All serum samples were subjected to an ELISA detecting ADV-specific anti-gB antibodies. As shown in [Fig. 3C](#F3){ref-type="fig"}, pigs in group 1 developed positive reactions to ADV by 3 weeks after the first dose, but pigs in group 2 were positive at 2 weeks. Pigs vaccinated three times had earlier and higher positive titers than did pigs vaccinated twice. In addition, all serum samples were evaluated by an ELISA detecting ADV anti-gE antibodies; no animal was positive.

Of the pigs in groups 1 and 2, 40% were seropositive by 2 weeks after the first dose and 100% were seropositive by 7 weeks after the first dose ([Fig. 3D](#F3){ref-type="fig"}). Pigs in group 2 seroconverted earlier, at 5 weeks after the first dose, than did pigs in group 1. All four control pigs remained ADV-seronegative throughout the experiment, confirming that no contact transmission had occurred between vaccinated and control animals.

Discussion
==========

Many countries have instigated specific AD control programs to attain AD-free status, and ADV has been eliminated from the domestic pig populations of several countries worldwide \[[@B12][@B13]\]. Thus, national AD eradication programs have been successful. A total of 110,000 pigs on all pig farms in Korea have been surveyed annually for ADV since 2008, and no seropositive response has been detected \[[@B6]\]. Although vaccination against AD is not formally banned, no domestic pig has been inoculated with the inactivated gE-deleted AD vaccine since 2010. However, in countries with wild boar populations, several measures must be implemented to prevent transmission of ADV from boars to domestic pigs \[[@B14]\]. Although a vaccine marker does not contribute to vaccine efficacy, such a marker renders it possible to differentiate infected from vaccinated animals. Oral vaccination of wild animals has successfully controlled rabies in carnivores and classical swine fever virus in boars \[[@B10][@B11]\]. Wild boars immunized with the live attenuated ADV Bartha strain are protected against highly virulent ADV. Boars immunized using a syringe or by consuming a blister developed comparable VN titers \[[@B15][@B16]\].

In the present study, the YS-400 strain, in which the gE and TK genes are partly deleted and the IL2 and beta-galactosidase genes inserted, served as both the orally administered and bait vaccine. The first experiment evaluated vaccine safety and immunogenicity in pigs given the (oral) vaccine using a syringe. No pig given 10^7.5^ TCID~50~/mL orally (twice) developed any adverse respiratory symptom, and all orally vaccinated pigs developed high mean VN titers (1:64) 4 weeks after vaccination. Interestingly, the mean VN titer (thus, 1:64) induced was similar to that of wild boars given the Bartha strain orally \[[@B15]\], indicating that oral vaccination of domestic pigs using the YS-400 strain induced strong immunity.

The second experiment was designed to determine whether the ADV bait vaccine containing the YS-400 strain induced a high-level antibody response. At 9 weeks after vaccination, the VN titers of pigs given the vaccine three times were higher than those of pigs given the vaccine twice. The serological data (the ELISA results) showed similar trends. In addition, pigs vaccinated three times attained 100% seropositivity earlier (by 7 weeks after vaccination) than did pigs vaccinated twice. It was earlier reported that large quantities of ADV were necessary to adequately infect animals and that the oral route required more vaccine than did the intranasal route \[[@B17]\]. It may be that a large quantity of ADV is required to induce an adequate immune response in domestic pigs. Therefore, we will soon prepare an AD bait vaccine containing over 10^8.0^ TCID~50~/mL for testing on Korean wild boars. Although both humoral and cellular immunity play roles in protection, it is likely that a high VN titer contributes to the protection of pigs against challenge with virulent ADV \[[@B18][@B19]\]. However, we did not conduct efficacy testing in immunized pigs. Therefore, a further study on the efficacy of the ADV bait vaccine is required. Importantly, no contact animal seroconverted, indicating that the YS-400 strain may not be directly transmitted to contact pigs.

In conclusion, the YS-400 strain was safe and immunogenic in domestic pigs. After oral inoculation, a high-level immune response was evident, and two or three doses of the AD bait vaccine induced high VN titers in domestic pigs. This indicates that, after efficacy testing in the near future, the YS-400 strain can be used as an AD bait vaccine in domestic pigs and is thus a candidate for use in wild boars.
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![Schematic diagram of construction of the recombinant Aujeszky\'s disease virus (ADV) vaccine strain. The YS-400 strain lacks parts of the wild-type TK and gE genes and carries recombinant interleukin 2 (IL2) and beta galactosidase (βgal) genes. The vaccine is based on the wild-type Yangsan ADV strain.](cevr-5-132-g001){#F1}

![Immunogenicity of the YS-400 strain given via the oral route using a syringe. Six young pigs were vaccinated twice with 2 mL of the YS-400 strain and developed virus neutralization (VN) titers of 1:8-1:128 against Aujeszky\'s disease virus by 2 weeks after vaccination. All control pigs were negative in terms of VN titer throughout the experiment.](cevr-5-132-g002){#F2}

![The trial Aujeszky\'s disease bait vaccine and the immunogenicity thereof in domestic pigs. The pig is consuming a bait vaccine containing the YS-400 strain (A). The mean virus neutralization (VN) titers (B) and enzyme linked immunosorbent assay titers (C) in groups vaccinated twice (group 1) or three times (group 2) and the seropositive rates attained by each group (D).](cevr-5-132-g003){#F3}
